Hepatitis C virus (HCV) infection leads to viral persistence and chronic disease in 50 to 70% of cases. A significant proportion of chronically infected patients subsequently develop cirrhosis and hepatocellular carcinoma. The high prevalence of HCV infection in the general population, the absence of documented spontaneous recovery from chronic infection, and the potentially serious complications make treatment with alpha interferon (IFN-␣) or a combination of ribavirin and IFN-␣ necessary. However, the virological response is sustained in less than 20% of patients treated with IFN-␣ alone and in 40 to 45% of patients given combination therapy (30) . The antiviral response is determined by the HCV genotype and the viral load: the frequency of the long-term response to IFN treatment is higher for patients infected with genotypes 2 and 3 than for those infected with genotype 1 (20) . The covalent attachment of IFN-␣ to polyethylene glycol (pegylated interferon) increases its half-life and improves the overall effectiveness of treatment, although there is still a significant difference in the overall effectiveness of treatment for patients infected with different genotypes (44) .
In infected individuals, HCV exists as pools of related genetic variants, referred to as quasispecies (3) . The genes encoding the envelope glycoproteins (E1 and E2) are the most heterogeneous, especially the 81 nucleotides encoding hypervariable region 1 (HVR1) of E2 (24) . Therefore, HVR1 can be used both to identify individual viral strains and to study HCV quasispecies. HVR1 is predicted to be flexible and well exposed (40) . HVR1 contains linear B-cell epitopes and is thought to be the major immunogenic domain of E2 (39) , although other B-cell epitopes outside of HVR1 have also been identified (16) . There is considerable evidence suggesting that HVR1 plays a functional role in the attachment and entry of HCV into target cells: (i) anti-HVR1 monoclonal antibodies inhibit the attachment of HCV to human T cells in vitro (45) , (ii) rabbit hyperimmune serum directed against the C terminus of HVR1 neutralizes HCV infectivity in chimpanzees (5) , and (iii) only small amounts of RNA are detected in chimpanzees after infection with an HCV variant in which the nucleotide sequence corresponding to HVR1 has been deleted (6) .
HVR1 is mutated during the natural course of HCV infection in untreated immunocompetent individuals (9, 14) . The mutation rate has been estimated to be 0.1 to 0.2 nucleotide substitutions per genome site per year, and several amino acid changes occur over a period of 1 year or more (13, 23) . The treatment of chronic HCV carriers with IFN-␣ dramatically disrupts the quasispecies equilibrium. The number of variants (33) and the degree of sequence heterogeneity (43) decrease following IFN treatment among individuals showing a sustained or short-term response. Inconclusive results have been obtained for nonresponders. Most single-strand conformation polymorphism (SSCP) analysis studies have shown that HVR1 patterns change during treatment; thus, these patterns are considered a hallmark of the immunogenic shift associated with a lack of response or relapse (29) . In contrast, an association was recently found between the apparent absence of changes in HVR1 quasispecies and the lack of response to treatment (27) . This suggests that major pretreatment variants (i.e., the naturally occurring variants present in the serum before therapy) are intrinsically associated with resistance to IFN-␣. Attempts to determine whether pretreatment genetic heterogeneity in HVR1 is correlated with the outcome of IFN-␣ treatment have also been inconclusive. The earliest studies describe a significant correlation between greater HVR1 heterogeneity in pretreatment serum and a lack of response to IFN-␣ (25, 38, 42) . More recently, nonsynonymous pretreatment substitutions in HVR1 sequences were shown to be more frequent than synonymous substitutions in responders, suggesting that the anti-HCV immune response is involved in HCV clearance during IFN-␣ treatment (34) . These conflicting results suggest that it is not possible to use quantitative methods to explore fully the changes in HVR1 so that we can use these changes to guide and control antiviral therapy. Recent studies exploring the genomic and conformational variabilities of HVR1 in relation to its putative biological role show that amino acid replacements are constrained to yield particular chemicophysical properties and conformations, indicating that although it is highly variable, HVR1 plays an important biological role in HCV replication (10, 28) . This functional analysis of HVR1 has not yet been confronted with IFN treatment outcome. We hypothesized that some of the variants generated during the natural progression of HCV infection acquire conformational and/or immunological properties that make them resistant to treatment. To test this hypothesis, we studied pretreatment serum samples from a panel of HCV genotype 1b (HCV-1b)-infected patients in an attempt to characterize the chemicophysical, conformational, or antigenic profiles of the E2 HVR1 domain that might make it possible to distinguish between patients who respond to treatment and those who do not. We analyzed 150 cloned sequences encompassing HVR1 and its flanking regions.
MATERIALS AND METHODS
Patients. Fifteen human immunodeficiency virus-negative patients infected with HCV-1b were selected. All subjects had volunteered to take part in a clinical trial comparing treatment with IFN alone (6 ϫ 10 6 U three times a week for 12 months) to a regimen consisting of a combination of IFN and ribavirin (1.2 g/day for 9 months). The HCV variants in serum samples collected within the 8 weeks prior to the beginning of antiviral therapy were analyzed.
Ten patients (five who received IFN alone, called group R1, and five who received the combination therapy, called group R2) had sustained virological responses to antiviral therapy, as defined by normal alanine aminotransferase activities and negativity for HCV RNA by PCR 6 months after the end of the treatment; five patients (group NR) did not respond to the combination therapy. The patients in groups R1 and R2 were between 28 and 65 years of age (median age, 43 years), and those in group NR were between 34 and 67 years of age (median age, 49 years). The viral loads ranged from 1.5 ϫ 10 4 to 6.9 ϫ 10 6 IU/ml (median viral load, 3 ϫ 10 5 IU/ml) in groups R1 and R2 and from 3 ϫ 10 5 to 7.9 ϫ 10 5 IU/ml (median viral load, 6 ϫ 10 5 IU/ml) in group NR. Cloning and sequencing of the HVR1 domain and its flanking regions. (i) RNA extraction and nested RT-PCR. We used a classical nested RT-PCR method that included an initial reverse transcription step followed by two amplification steps. Virus RNA was extracted from 200 l of serum by the guanidinium thiocyanate method. RNA extracts were reverse transcribed with a specific primer (5Ј-GGTGTGGAGGGAGTCATTGCAGTT-3Ј) that annealed 75 nucleotides downstream of the HVR1 domain. Reverse transcription was carried out at 42°C for 30 min in the presence of 12.5 U of Moloney murine leukemia virus reverse transcriptase (Stratagene). For the nested PCR steps, an optimized genotype-independent set of primers specific for the amino-terminal region of the HCV E2 gene (HVR1) was used (17) . The first round of PCR was carried out with the reverse transcription primer described above (20 pmol) as the outer antisense primer and with primer 5Ј-CGCATGGCGTGGGACATGATG-3Ј (20 pmol) as the outer sense primer. The first round of amplification consisted of 40 cycles consisting of denaturation at 94°C for 20 s, primer annealing at 60°C for 50 s, and primer extension at 72°C for 30 s, followed by a final prolonged extension at 72°C for 15 min. The second step was performed with the inner antisense primer 5Ј-TGCCACCTGCCATTGGTGTT-3Ј (20 pmol) and the inner sense primer 5Ј-GCTTGGATATGATGATGAACTGGTC-3Ј (20 pmol). The conditions for the second round were as follows: 5 min of denaturation at 94°C, followed by 30 cycles of 94°C for 20 s, 57°C for 20 s, and 72°C for 40 s and a final extension at 72°C for 15 min. Negative controls containing distilled water instead of RNA or cDNA were included in each of the three steps to ensure that the reverse transcription and PCR mixes were not contaminated. HCV-negative serum samples were used as specificity controls. The amplified products were subjected to electrophoresis in 1% agarose gels (Gibco BRL) and stained with ethidium bromide. A 308-bp PCR product, corresponding to nucleotides (nt) 955 to 1262 (195 nt upstream and 32 nt downstream from HCV HVR1), was generated.
(ii) cDNA cloning. HVR1 amplicons were recovered from liquid low-meltingpoint agarose and directly ligated into 50 ng of vector PCR 2.1 (Topo-TA Cloning kit; Invitrogen). Recombinant plasmids were used to transform competent Escherichia coli cells, and transformants were detected according to the protocol of the manufacturer. Fifteen positive clones from each patient were selected at random.
(iii) Sequencing. Plasmid DNA was isolated from 1.5 ml of a 16-h broth culture and purified with a Qiagen plasmid mini kit, according to the protocol of the manufacturer. The presence of the HVR1 insert was verified by restriction digestion with EcoRI. For each patient, both strands of 10 HVR1-containing plasmids were sequenced with the M13 universal and M13 reverse primers (Eurogentec) by the dideoxy chain termination method with the Thermo Sequenase II Dye Terminator cycle sequencing premix kit (Amersham Pharmacia Biotech) on an automatic DNA sequencer (ABI PRISM 377; Perkin-Elmer, Applied Biosystems). Thus, a set of 50 variants (10 clones from each of five patients) was analyzed for each of the three groups of patients (groups NR, R1, and R2). Sequence data were analyzed with the Sequence Navigator program (version 1.0.1; Applied Biosystems), and the nucleotide sequences were aligned by use of BIOEDIT software (Department of Microbiology, North Carolina State University [http://www.mbio.ncsu.edu/BioEdit/bioedit.html]).
Sequence analysis of the HVR1 domain and its flanking regions. (i) Mutation frequency. Sporadic mutations (i.e., mutations occurring once in a given set of amino acid sequences) can be due to PCR enzyme errors. The expected number of sporadic amino acid substitutions due to Taq polymerase can be calculated with a simple formula that takes into account the specific error rate for the enzyme and the number of PCR cycles (36) . In our experiment, the number of artifacts due to Taq errors was estimated for each group of patients as follows: [error rate of Taq (0.2 to 2 ϫ 10 Ϫ4 ) ϫ length of HVR1 (81 nt) ϫ number of PCR cycles (n ϭ 70) ϫ number of clones (n ϭ 50) ϫ proportion of sporadic mutations expected to produce amino acid substitutions (2/3)]/number of samples (5) . According to this formula, the expected number of sporadic amino acid substitutions induced by Taq errors ranged from 0.7 to 7.4 substitutions per group of patients.
The nucleotide substitution rate over sites within each set of 50 variants (nt 955 to 1262) was estimated by using DAMBE software (Department of Ecology and Biodiversity, University of Hong Kong [http://web.hku.hk/ϳxxia/software /software.html]). The variability at each site was measured by calculating the entropy at site i (H i ) by the following formula: H i ϭ J p j log 2 p j , where j is equal to 1, 2, 3, and 4, corresponding to nucleotides A, C, G, and T, respectively, and p j is the proportion of nucleotide j at site i. The types of mutational changes affecting the HVR1 domain (nt 1150 to 1230) were also determined by means of the MEGA program (version 2.1; Department of Biology, Arizona State University [http://www.megasoftware.net]). The numbers of synonymous substitutions (d S ) and nonsynonymous substitutions (d N ) per site were calculated by the Nei-Gobojori method by using the Jukes-Cantor correction to account for multiple substitutions at the same site (22) . The ratio of nonsynonymous mutations to synonymous mutations (the d N /d S ratio) within each sample was used as an indicator of relative selective pressure.
(ii) Amino acid sequence. For each patient, the predicted amino acid sequences of 10 entire cloned domains (amino acids [aa] 319 to 420) were aligned. The properties of the predicted amino acids of HVR1 and its flanking regions were evaluated for each variant with DAMBE software. Polarity and hydropathy plots were prepared by the methods of Grantham (8) and Kyte and Doolittle (15) , respectively. These methods calculate the average hydropathy or basicity index of overlapping segments of several amino acids (3 aa in our case). The whole sequence is scanned, and consecutive scores are plotted from the amino terminus to the carboxy terminus. The hydropathic and chemical properties of the residues were studied at each position of the HVR1 domain (aa 384 to 410). Three categories of residues were taken into account when the hydropathic pattern was determined: neutral, hydrophobic, and hydrophilic. Four categories of residues were considered when chemical properties were evaluated: basic, acid, nonpolar, and polar. The hydropathic and chemical patterns at individual sites were compared among the three groups (groups R1, R2, and NR) by Fisher's exact t test. P values were estimated by using the Benjamini and Hochberg correction, which is required for multiple comparisons.
(iii) Prediction of conformational states and antigenic profiles. The secondary structures of the entire cloned domains were further analyzed by the double prediction method of Deleage and Roux by using ANTHEPROT software (version 5.0; Institute of Biology and Chemistry of Proteins, University of Lyons [http://www.pbil.univ-lyon1.fr]). We determined the predicted conformational state (i.e., coil, ␣ helix, ␤ sheet, and turn) at each amino acid position of the HVR1 domain. The predicted secondary structures were aligned, and the conformational similarities were calculated by using the identity matrix. Antigenicity profiles were calculated with ANTHEPROT software (version 5.0) by the method of Parker et al. (26) on the basis of the atomic flexibilities, hydrophilicities, and experimental high-pressure liquid chromatography retention times of synthetic peptides to predict protein surfaces.
(iv) Software. The ANTHEPROT software package includes most of the methods required for protein sequence analysis. It can be used to search for functional sites, to study physicochemical profiles, and to predict secondary structures and antigenic scores.
The DAMBE software package can be used to retrieve, edit, and analyze molecular sequence data and can also be used for phylogenetic comparison. It allows visualization of the site-specific variabilities of orthologous sequences and can be used to plot amino acid properties along single or multiple sequences.
MEGA software is used for phylogenetic analyses with the maximum parsimony, distance matrix, and likelihood methods. It can also calculate basic statistical quantities such as nucleotide and codon frequencies, transition to transversion, and d N /d S ratios.
Nucleotide sequence accession numbers. The nucleotide sequences have been submitted to GenBank and have been assigned accession numbers AF473704, AF473705, AF473708 to AF473724, AF473727 to AF473735, AF473737 to AF473806, AF478360, and AF478361.
RESULTS
Analysis of mutation frequency. Twelve sporadic amino acid substitutions were found among R1 variants, 14 were found among R2 variants, and 21 were found among NR variants. These rates are much higher than those expected from simple Taq polymerase errors (0.7 to 7.4). Therefore, some of these substitutions may correspond to segregating polymorphisms. None of the mutations were discounted in further analyses.
The analysis of substitution rates along HVR1 and flanking sequences did not reveal any major differences between the three groups (Fig. 1) . The d N /d S ratios of the HVR1 sequences were similar for the three groups (0.278 to 3.307 for group NR, 0.200 to 3.850 for group R1, and 0.341 to 3.872 for group R2).
Analysis of amino acids properties in the HVR1 domain and its flanking regions. The frequency of particular amino acids at each HVR1 position was determined for each group (Fig. 2) . Six residues (residues 2, 6, 7, 20, 23, and 26) were conserved among all 150 variants, whereas the residues at most positions were variable. Some amino acid substitutions did not significantly change the hydropathic or chemical properties (positions 16, 19, and 24) . Amino acid substitutions at 12 positions triggered significant changes (P Ͻ 0.05 calculated with the Benjamini and Hochberg correction) in both hydropathic and chemical properties. Nine of these positions were located in the middle of the HVR1 domain, between residues 8 and 18. Positions 9 and 17 differed considerably between variants from responders and nonresponders. Variants from group NR tended to have hydrophilic and polar residues at position 9, whereas variants from groups R1 and R2 predominantly contained hydrophobic and nonpolar residues at this position. Furthermore, variants from group NR tended to have hydrophobic and nonpolar residues at position 17, whereas variants from groups R1 and R2 predominantly contained neutral and polar residues at this position. Polarity and hydropathy plots of the HVR1 and flanking regions did not show any significant differences according to treatment outcome (Fig. 3) .
Analysis of conformation and antigenic prediction. A phylogenetic tree constructed on the basis of conformational similarities revealed no clustering of variants with respect to treatment response (i.e., variants from patients in groups R1, R2, and NR were scattered throughout the phylogenetic tree) (data not shown). The antigenic linear epitopes of the HVR1 domain were predicted from the sequence of the entire clone (308 nt). Two regions of HVR1 were predicted to be antigenic. They were located at positions 1 to 12 and 16 to 27 for variants from group R1, positions 1 to 13 and 16 to 27 for variants from group R2, and positions 1 to 12 and 18 to 27 for variant from group NR. Variants from nonresponders displayed a nonantigenic segment (between positions 16 and 17) that was not found among the variants from the two responder groups (Fig. 4) .
DISCUSSION
In the past few years, there has been growing interest in the study of the genetic heterogeneity of HCV isolates in relation to the clinical course of HCV-associated disease. In some stud- FIG. 1 . Substitution rate at each site within the HVR1 domain and its flanking regions (nt 955 to 1262) for pretreatment isolates of HCV-1b-infected patients. For each alignment of 50 sequences, the nucleotide substitution rate at each site was estimated by calculating entropy with DAMBE software. Group R1 and R2 sequences are represented by a gray curve and a black curve, respectively, whereas group NR sequences are represented by a white curve. The hypervariable region (nt 1150 to 1230) is indicated by vertical lines.
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on February 23, 2013 by PENN STATE UNIV http://jcm.asm.org/ ies, heterogeneity in the HVR1 domain has been found to be correlated with the duration of HCV infection (7), whereas other multivariate analyses failed to confirm these initial observations (12) . SSCP analysis studies of the HVR1 domain have been extensively used to investigate whether patients whose isolates have multiple-band profiles have liver disease significantly more advanced than patients whose isolates have single-band profiles, generating conflicting results (21) . Only very limited information is available concerning the early evolution of viral quasispecies during the acute phase of hepatitis. HVR1 amino acid substitutions, which occur rapidly during the acute phase of infection, were assumed to help the virus escape from the immune system, thereby contributing to the development of persistent infection in many patients (41) . Resolution of the hepatitis was found to be associated with the relative evolutionary stasis of the quasispecies (4).
FIG. 2.
Amino acid substitutions in the HVR1 domain in 50 variants obtained from pretreatment serum samples from subjects who responded to monotherapy (group R1) or combination therapy (group R2) and who failed to respond (group NR). The residues at each position (positions 1 to 27) are indicated with the single-letter amino acid code, together with the number of variants in which they were found. The most conserved residues are shaded.
Much effort has been focused on evaluating the significance of quasispecies composition as a predictor of the response to IFN-␣ therapy in chronically infected patients. Several studies have suggested that patients with less complex viral populations before IFN-␣ therapy, as assessed by the number of HVR1 variants by SSCP analysis, are more likely to respond to treatment (11, 18) , but conflicting results have also been published (19) . Indeed, the results of many of these studies cannot be compared directly due to differences in the definitions of the biochemical and virological parameters used to evaluate therapeutic response, due to the use of methods that were not fully standardized, or due to the use of mixed populations infected with different viral genotypes. To avoid these problems, we only compared responders and nonresponders who were infected with the same HCV genotype (genotype 1b) and who were enrolled in a single controlled clinical trial.
We first attempted to identify specific mutations or conserved amino acids associated with the sensitivity or resistance of HCV-1b strains to IFN. Single amino acid substitutions in this structurally flexible and antigenically variable domain may result in physicochemical and/or conformational changes. Single mutations can result in major changes in viral phenotype. For example, a single amino acid substitution within the V3 domain of gp120 of human immunodeficiency virus type 1 can alter the conformation of the loop, resulting in the loss of a neutralization epitope (2) .
As described previously, we confirmed that HVR1 contains a central highly variable domain (residues 8 to 18), flanked by six conserved positions (positions 2, 6, 7, 20, 23, and 26) that are assumed to be important for the structure of the whole HVR1 domain (31) . Amino acid substitutions at three other sites (positions 16, 19, and 24) did not affect hydropathic or chemical properties. Overall, one-third of the amino acids in HVR1 appeared to retain properties that are highly conserved within a large pool of variants. Consistent with this, it could be argued that variability in HVR1 is not random, even though this region is tolerant to amino acid substitutions (37) . As HVR1 may play a role in the entry of the virus through cell FIG. 3 . Hydrophobicity and polarity plots for the HVR1 domain and its flanking regions (nt 955 to 1262) from pretreatment isolates of HCV-1b-infected patients. The average values (hydropathic and polarity indices) were calculated at each position for the whole set of variants within a group by using DAMBE software. The plots for groups R1 and R2 are represented by a gray curve and a black curve, respectively, whereas the plots for group NR are represented by a white curve. The hypervariable region (residues 384 to 410) is indicated by vertical lines. (10) , the antigenic variations in E2, a major immunological target, may also enable HCV to adapt to the host environment. HVR1 was recently shown to be a decoy antigen that diverts the host immune response away from more conserved neutralizing epitopes (32) . Few groups have studied the structure of the whole HVR1 domain. Most studies focused on epitope mapping (39) or structural modeling (40) of HCV E2. The antigenicity profile of Parker et al. (26) has been used only once to study a large number of data bank sequences (28) . The investigators predicted that HVR1 from HCV genotype 1 samples consisted of two antigenic domains separated by a less antigenic segment located between positions 14 and 18. An analysis of the antigenicity profiles of HVR1 sequences representative of the principal HCV subtypes of clades 1 to 6 provided the same results. The same group carried out a longitudinal study of HVR1 using serum samples from six patients who were infected with HCV genotype 1 but who did not clear HCV RNA after 6 months of treatment. The fact that the investigators did not look at specific clinical status or treatments in the population study and did not include any responders in the clinical study prevented them from drawing any conclusions about the differences in this basic structure between isolates from responders and nonresponders. Our study confirmed the existence of two antigenic regions in HVR1 separated by a nonantigenic segment of variable size. Presumably, variability in the two antigenic regions of E2 HVR1 accounts, at least in part, for the adaptive fitness of HCV to the host immune system. The prevalence of each amino acid at each position within HVR1 sequences was examined pretreatment, but no mutational patterns were found to be correlated with the treatment outcome. This suggests that simple sequencing of the HVR1 domain cannot be used to predict the response to treatment.
The study by Sandres et al. (34) with treatment-naive patients who were then treated with IFN-␣ alone suggested that differences in the dynamics of the host anti-HCV-specific immune response between responders and nonresponders (differences in the frequencies of nonsynonymous and synonymous substitutions) could be seen prior to treatment. However, the study population was heterogeneous (three different HCV genotypes were detected), and the physicochemical and immunological properties of the variants were not analyzed. We confirmed that HVR1 is subjected to strong selective pressure by the immune system, even before the onset of antiviral therapy. Two novel differences were also revealed in our homogeneous cohort of patients: the amino acid profiles at positions 17 and 19 differed between variants from responders and those from nonresponders, and major changes in the antigenicity profiles within the central part of HVR1 were detected. The variants in pretherapeutic serum samples from treatment-naive patients who were subsequently found to be nonresponders displayed a constant nonantigenic segment between positions 16 and 17. The exact functional meanings of these observations and their predictive values remain to be determined by further immunological studies of amino acid replacements in the central hypervariable region of HVR1, especially the less antigenic sequence. Such studies could involve a panel of serum samples from responders and nonresponders and either peptides or HCV proteins produced after transfection of HCV cDNA (1) .
